Polyamines are primordial, small organic polycations present in almost all cells, but their roles in bacteria are poorly understood. sym-Homospermidine is the dominant polyamine in the filamentous, N 2 -fixing, heterocyst-forming cyanobacterium Anabaena sp. PCC 7120. Synthesis of homospermidine was dependent on speA (encoding arginine decarboxylase), speB (agmatinase) and speY (deoxyhypusine synthase homologue), which in bacteria is an unprecedented pathway. Inactivation of any of these genes impaired diazotrophic growth. Heterocyst differentiation in the speA mutant was blocked at an early step, after induction of the regulatory gene hetR but before production of heterocyst-specific glycolipids (HGL). In contrast, the speY mutant produced HGL and showed slow diazotrophic growth. Analysis of fusions to green fluorescent protein revealed that SpeA (like SpeB previously described) accumulates at higher levels in vegetative cells than in heterocysts, and that SpeY accumulates in vegetative cells but also at significant levels in heterocysts. The homospermidine biosynthetic pathway is therefore active primarily in vegetative cells but the last step can be completed in heterocysts. Our findings indicate an important role for polyamines in the diazotrophic biology of Anabaena. Furthermore, inactivation of a gene cluster (potADB) encoding a polyamine ABC transporter disrupted diazotrophic growth, corroborating the importance of polyamine homeostasis in Anabaena.
Introduction
Polyamines are primordial, small organic polycations present in almost all cells, and were probably present in the last universal common ancestor (Tabor and Tabor, 1985; Weiss et al., 2016; Michael, 2017) . In archaea and eukaryotes, they are absolutely essential for growth and proliferation, in part due to the role of the triamine spermidine in the post-translational modification of translation factor IF5A by the enzyme deoxyhypusine synthase (DHS) (Park, 2006; Dever et al., 2014) . The homologous factor in bacteria, EF-P is modified with (R)-β-lysine (Roy et al., 2011) or other additions but is not deoxyhypusinated. Thus, due to the lack of deoxyhypusine modification in bacteria there is no known essential function of polyamines that is conserved in all bacterial phyla. Rather, different bacteria have evolved to use polyamines in different physiological processes such that polyamines are essential for growth in some, but dispensable in others (Michael, 2016a) . The most common polyamines in bacteria are putrescine and spermidine, with sym-homospermidine (homospermidine) also found, more discretely, in diverse phyla (Hamana and Matsuzaki, 1992) .
The cyanobacteria are photoautotrophic prokaryotes many of which can fix atmospheric nitrogen (N 2 ). They can be found as diverse morphological forms, from unicellular cyanobacteria to multicellular, filamentous organisms capable of cell differentiation (Rippka et al., 1979) . In some filamentous cyanobacteria, the incompatible processes of N 2 fixation and oxygenic photosynthesis are spatially separated: vegetative cells fix CO 2 photosynthetically and heterocysts are micro-oxic cells devoted to N 2 fixation. Hence, the growth of these organisms under diazotrophic conditions requires an exchange of nutrients between heterocysts and vegetative cells (Herrero et al., 2016) . In the absence of combined nitrogen, some vegetative cells in the filament differentiate into heterocysts in a process that involves a specific program of gene expression that is activated by two transcription factors, the nitrogen-control protein NtcA and the differentiation-specific regulator HetR. In the differentiating heterocyst, among other adaptations, a gas-impermeable cell envelope containing specific polysaccharides and glycolipids is deposited. Finally, genes encoding nitrogen fixation and assimilation proteins are expressed to produce an operative heterocyst (reviewed in Herrero et al., 2016) .
Heterocyst-forming cyanobacteria have been shown to accumulate mainly a specific polyamine, homospermidine (Hamana et al., 1983 (Hamana et al., , 2016 . Polyamines are synthesized from amino acids. In particular, homospermidine can be synthesized from putrescine that is produced from decarboxylation of ornithine or indirectly from the decarboxylation of arginine, e.g., via arginine decarboxylase and agmatinase (Michael, 2016b) . Whereas cyanobacterial genomes generally appear to lack a gene encoding ornithine decarboxylase, they contain genes putatively encoding arginine decarboxylase and agmatinase (https://genome.annotation.jp/cyanobase), and these genes or enzymes have been characterized in a few cases (Schriek et al., 2007; Kera et al., 2018) . The cyanobacteria do not appear to have, however, a typical homospermidine synthase, and a DHS-like protein has instead been suggested as a possible alternative homospermidine synthesizing enzyme (Shaw et al., 2010) .
Because of the presence of a possible, previously undescribed pathway for homospermidine biosynthesis, and because arginine is transferred from heterocysts to vegetative cells as a dipeptide, β-aspartyl-arginine, that serves as a nitrogen vehicle in the filament , we were interested in exploring arginine catabolism in the model heterocyst-forming cyanobacterium Anabaena sp. strain PCC 7120 (hereafter Anabaena). Here we show that Anabaena synthesizes homospermidine via arginine decarboxylase, agmatinase and a DHS homologue, and this is the first reported proof for the role of DHS homologues in bacterial homospermidine biosynthesis. Furthermore, we show that in Anabaena, homospermidine is essential for heterocyst differentiation and diazotrophic growth.
Results

Anabaena mutants
The genome of Anabaena (Kaneko et al., 2001 ) contains a gene that encodes agmatinase (alr2310, speB) and genes putatively encoding arginine decarboxylase (all3401) and a DHS-like protein (alr3804), that could potentially constitute a homospermidine biosynthetic pathway. Anabaena mutants of these genes that were used in this work are shown in Fig. 1 . The agmatinase deletion mutant CSMI11 (∆alr2310 or ∆speB), mutant CSMI11 complemented with a replicating plasmid that bears a construct in which the speB gene is expressed from the promoter of the glnA gene (CSMI11-C or ∆speB+speB), and a strain producing a SpeB protein with the green fluorescent protein (GFP) added to its C-terminus (SpeB-C-GFP) have been described previously . Here, an Anabaena strain carrying the plasmid with the P glnAspeB construct to overexpress SpeB was constructed (WT+speB). An Anabaena mutant of all3401 was constructed by substituting an internal fragment of the gene by gene-cassette C.S3 (strain CSMI35; Fig. S1 ), and an Anabaena strain that produces All3401 with the GFP added to its C-terminus was also constructed (strain CSMI33; Fig. S2 ). An Anabaena mutant that bears an insertion of plasmid pCSV3 in alr3804 (strain CSMI29; Fig. S3 ) and a strain that produces Alr3804 with the GFP added to its C-terminus (strain CSMI38; Fig. S4 ) were constructed as well.
ABC uptake transporters typically comprise one periplasmic solute-binding protein (SBP), two integral membrane proteins (transmembrane domains [TMD] ) and two nucleotide-binding domains (NBD) that hydrolyze ATP in the cytoplasm, in which the TMD and NBD may Polyamine ABC transporter ∆alr5044-all5042::C.S3 CSMI39 be homo-or heterodimers (Cui and Davidson, 2011) . The genome of Anabaena bears a gene cluster, all5044-all5043-all5042, that putatively encodes the components of an ABC transporter for polyamines (Pot transporter, following the nomenclature for Escherichia coli [Igarashi and Kashiwagi, 2010] ): All5044, nucleotide-binding domain (PotA); All5043, periplasmic solute-binding protein (PotD); and All5042, transmembrane domain (PotB). An Anabaena mutant was constructed in which most of this gene cluster was substituted by the C.S3 cassette (strain CSMI39; Fig. S5 ).
Production of homospermidine
The Anabaena agmatinase mutant, strain CSMI11 (∆speB), has previously been shown in [ 14 C]arginine catabolism assays to accumulate an agmatine spot mostly absent in the wild type . Here, we analyzed polyamines in extracts of wild-type Anabaena and of the ∆speB strain, the complemented ∆speB strain (∆speB+speB), and the SpeB-overexpressing strain (WT+speB). The HPLC chromatogram in Fig. 2 shows the accumulation of agmatine specifically in the ∆speB strain and the presence of homospermidine in all strains except ∆speB. LC-MS analysis of extracts of the same set of strains from independent experiments confirmed the accumulation of agmatine only in the ∆speB strain and the presence of homospermidine in the wild-type, ∆speB+speB and WT+speB strains (Fig. 3) . Putrescine was observed at significant levels in the ∆speB strain, but this likely reflects degradation of benzoylated agmatine (Wehr, 1995) , as agmatine accumulated in this mutant. Putrescine was also observed in strain ∆speB+speB that produced homospermidine at especially high levels. The results presented in this section indicate that homospermidine is indeed the dominant polyamine accumulated in Anabaena, and that its production involves at least agmatinase.
To investigate the role of other putative components of the homospermidine biosynthetic pathway, polyamine content was analyzed in extracts from mutants of ORFs all3401 and alr3804 (Fig. 4) . Homospermidine was observed in the wild type but not in any of the mutants indicating that the corresponding genes are involved in the synthesis of the polyamine. These results corroborate that all3401 is the Anabaena speA gene encoding arginine decarboxylase (as predicted from its amino acid sequence) and that the DHS-like protein encoded by ORF alr3804 is involved in homospermidine synthesis (as hypothesized previously [Shaw et al., 2010] ). To distinguish this gene from that encoding conventional homospermidine synthases, we have termed it speY. Interestingly, the two clones of the speY mutant that were analyzed accumulated agmatine (Fig. 4) indicating that agmatinase is subjected to feed-back inhibition by putrescine, which explains why putrescine has not been generally observed in the Anabaena extracts. 
The mechanism of homospermidine biosynthesis
The Anabaena speY insertion mutant was unable to produce homospermidine, therefore we attempted to confirm the production of homospermidine by SpeY using heterologous expression in E. coli. The bacterial homospermidine synthase is able to produce homospermidine from two molecules of putrescine (Tholl et al., 1996) . In contrast, the eukaryotic DHS, which is capable of producing homospermidine in the absence of its normal substrate eIF5A, must use spermidine as a substrate to transfer an aminobutyl group to putrescine for homospermidine production (Ober and Hartmann, 1999a) . Similarly, the plant homospermidine synthase, which has evolved from DHS, must also use spermidine as the aminobutyl donor in homospermidine biosynthesis (Ober and Hartmann, 1999b) . As controls, we used the Arabidopsis thaliana DHS, and the Agrobacterium tumefaciens homospermidine synthase. We expressed each gene as an untagged protein in E. coli BL21, which contains putrescine and spermidine, and in an E. coli BL21ΔspeD (S-adenosylmethionine decarboxylase) mutant, that accumulates only putrescine. Cell extracts were benzoylated before analysis of polyamine products by LC-MS. As expected, expression of the A. tumefaciens hss gene produced homospermidine in both the BL21 and BL21ΔspeD strains, whereas the A. thaliana dhs produced homospermidine only in the BL21 strain (Fig.  5 ). To our surprise, no homospermidine was produced in either strain containing the Anabaena speY gene.
Additionally, no homospermidine was produced after heterologous expression in E. coli of two N-terminally His-tagged SpeY paralogues from Anabaena variabilis (acc. no. YP320067 and YP_322413) or an N-terminally His-tagged SpeY homologue from Caulobacter crescentus CB15 (NP_419178) (not shown). Two possible explanations occurred to us for this lack of homospermidine production, either SpeY does not directly produce homospermidine or an accessory factor is required for homospermidine production by SpeY. In the hyperthermophile Thermus thermophilus, spermidine is produced using arginine decarboxylase, agmatinase and spermidine synthase homologues. Unusually, the agmatine is aminopropylated by the spermidine synthase homologue to produce aminopropylagmatine, which is then converted to spermidine by the agmatinase Fig. 4 . LC-MS analysis of benzoylated cell extracts from Anabaena (WT) and polyamine biosynthesis mutants ∆all3401::C.S3 (speA) and alr3804::pCSV3 (speY ) (two independent clones, #9 and #10, for the latter). Extracted Ion Chromatograms (EICs) for the mass of tribenzoylated agmatine (442.9:443.9; left panels) and tribenzoylated homospermidine (472.29:473.29; right panels) are presented. The vertical axes (relative arbitrary units) automatically adjust to the size of the largest peak (note the different scales); the horizontal axes present elution times. Insets of the mass spectra for the indicated LC peaks are shown. . LC-MS analysis of benzoylated extracts of E. coli expressing genes from pETDuet-1. Genes were expressed from pETDuet-1 in either the parental BL21 strain or a spermidine-deficient strain (BL21speD) containing a deletion of S-adenosylmethionine decarboxylase. In the panels annotated BL21 and BL21speD, the pETDuet-1 plasmid was empty. In panels additionally annotated, the pETDuet-1 plasmid contained the following genes: AtDHS, Arabidopsis thaliana deoxyhypusine synthase (DHS) gene (NP_196211); HSS, Agrobacterium tumefaciens homospermidine synthase gene (WP_010973306); speY, Anabaena speY gene (WP_010997945). The fluorescence-based Extracted Ion Chromatograms (EICs) corresponding to the mass of tribenzoylated spermidine (EIC 458.3:459. 3) or tribenzoylated homospermidine (EIC 472.3:473. 3) are shown. The identity of the peaks corresponding to spermidine and homospermidine were confirmed with pure standards (not shown). The vertical axis (relative arbitrary units) adjusts automatically to the size of peak signal, the horizontal axis presents elution time. Masses within the LC peaks from the benzoylated extract of E. coli BL21 + AtDHS eluting at 5. 793 min (EIC 458.3:459.3 homologue (Ohnuma et al., 2005) . We speculated that in Anabaena, the SpeY protein might join two molecules of agmatine to form bisdiguanidino-homospermidine and that the SpeB protein might act on this to produce homospermidine. However, we did not detect any LC-MS peak corresponding to benzoylated bisdiguanidino-homospermidine in the Anabaena ΔspeB mutant (data not shown).
To determine whether agmatine was indeed the substrate of the Anabaena SpeB enzyme, we purified the recombinant Anabaena SpeB protein, and as a control, the E. coli recombinant SpeB protein. The activity of the SpeB proteins was followed by spectrophotometric detection of the urea co-product. Using agmatine as substrate, the Anabaena and E. coli SpeB proteins exhibited a K M of 2.56 ± 0.23 mM (n = 3) and 1.48 ± 0.17 mM (n = 5), respectively, and k cat of 63 ± 4 s -1 and 120 ± 10 enzyme, K M 1.5 ± 0.2 mM and k cat 140 ± 8 s -1 (Carvajal et al., 1999) . From the kinetic analysis, it appears that the Anabaena SpeB protein is a bona fide agmatinase and that it does not act like the T. thermophilus SpeB. Therefore, the more plausible explanation for the lack of activity of the Anabaena SpeY protein expressed in E. coli is that an accessory factor is required.
Growth phenotype of the homospermidine biosynthetic pathway mutants
The Anabaena ∆speB mutant has been previously shown to be specifically impaired in diazotrophic growth ). Here, we tested growth of the Δall3401::C.S3 (speA) and alr3804::pCSV3 (speY) mutants in photoautotrophic shaken liquid cultures with different nitrogen sources, and we also included strain ∆potAD-B::C.S3 (potADB) in the analysis. As shown in Table 1 , the three strains were severely impaired in diazotrophic growth (BG11 0 medium), with the speA mutant showing no growth at all. This mutant was also somewhat impaired in growth using ammonium or nitrate as nitrogen sources.
To test the effect of polyamines on the Anabaena strains investigated in this work, growth tests on solid medium were performed (Fig. 6) . As in liquid medium, none of the homospermidine biosynthetic pathway mutants or the transporter mutant (potADB) grew well on BG11 0 medium, and the impairment of the speA mutant on BG11 medium was also observed. Because agmatine supplied at 1 mM (but not at 10 or 100 µM) is inhibitory for Anabaena , we tested the effect of 10 µM agmatine on growth of the mutants. Agmatine rescued the growth of the speA mutant, consistent with the conclusion that this gene encodes arginine decarboxylase, which produces agmatine (Fig. 1) . In contrast, agmatine did not rescue the growth of the speB or speY mutants, consistent with the function of their corresponding gene products downstream in the pathway (Fig. 1) . Putrescine supplied at 10 mM was somewhat inhibitory for Anabaena and only rescued very poorly the growth of the speA mutant (no effect was observed with lower concentrations of putrescine; see also . Spermidine supplied at 100 µM was inhibitory for Anabaena and the homospermidine biosynthetic pathway mutants under the three nitrogen regimes tested. However, the potADB mutant was resistant to spermidine when incubated in medium with ammonium or nitrate, indicating that PotADB is indeed a polyamine (at least spermidine) transporter. This mutant was however not resistant to spermidine when incubated in the absence of combined nitrogen, suggesting that either residual spermidine entering the cells in the absence of PotADB is sufficient to inhibit growth under nitrogen deprivation or that another transporter is induced under these conditions.
Heterocyst differentiation defect of the speA mutant
The results shown in the previous section indicate that the operation of the homospermidine biosynthetic pathway is essential for the diazotrophic growth of Anabaena. Because inactivation of speA showed the strongest effect -completely blocking growth without combined nitrogen, we investigated heterocyst differentiation in this mutant. Microscopic inspection of cultures of the speA mutant showed granulation in BG11 medium, likely reflecting accumulation of cyanophycin , and lack of evident heterocyst differentiation after nitrogen step-down (Fig. S6) . To try to find out at which step heterocyst differentiation is blocked, we next investigated several heterocyst differentiation-related processes. Nitrogenase activity was determined under oxic and anoxic conditions, and the speA mutant was found to lack any nitrogenase activity (Table S1 ). The presence of heterocyst-specific glycolipids (Hgl) was investigated in the whole set of mutants. Hgl were observed in the wild type incubated without combined nitrogen, but they were lacking in material from the speA and speB mutants (Fig.  7) , indicating that polyamines are necessary for heterocyst differentiation to proceed to the early stage of Hgl production. In contrast, Hgl were detected in the speY and potADB mutants. Detection of Hgl in the speY mutant suggests that either putrescine or putrescine plus agmatine can support heterocyst differentiation. Finally, the expression of the early heterocyst regulatory gene hetR and of the nitrogenase structural genes, nifHDK, was investigated by northern blot analysis using 32 P-labeled probes of the hetR and nifH genes. The hetR gene is known to be expressed as transcripts from 1.4 to 1.9 kb in size (Buikema and Haselkorn, 2001; Muro-Pastor et al., 2002) , and these transcripts were observed with a similar induction profile in the wild type and the speA mutant (Fig. 8) . The nifHDK genes, probed with nifH, can be observed about 24 h after nitrogen stepdown as nifH, nifHD, and nifHDK transcripts (Wei et al., 1994; Valladares et al., 2007) . These transcripts were observed in the wild type but not in the speA mutant (Fig.  8) . These results indicate that the speA mutant starts the normal response to nitrogen step-down as shown by induction of hetR, but that the process of heterocyst differentiation is blocked in this mutant before accumulation of heterocyst-specific glycolipids.
Analysis of cell-specific expression of SpeA and SpeY
In Anabaena, SpeB (agmatinase), tested with a SpeB-C-GFP fusion, is found at higher levels in vegetative cells than in heterocysts . Here we investigated the cell-type specificity of expression of SpeA (arginine decarboxylase) and SpeY (deoxyhypusine-like protein) using C-terminal fusions to the superfolder GFP (Pédelacq et al., 2006) . Fluorescence from SpeA-C-sfGFP was observed at higher levels in vegetative cells from medium lacking combined nitrogen (BG11 0 ) than from nitrate-containing medium (BG11), and it was very low in heterocysts (Fig. 9) . Quantification of fluorescence intensity in individual cells from filaments incubated in BG11 0 medium indicated 6.8 and 4.8 % of fluorescence in heterocysts as compared to vegetative cells at 24 and 48 h after nitrogen step-down, respectively. Fluorescence from SpeY-sfGFP was somewhat higher in vegetative cells from BG11 than from BG11 0 medium and, in filaments from BG11 0 medium, it was only partly higher in vegetative cells than in heterocysts (Fig. 10) . Quantification of fluorescence intensity in individual cells from filaments incubated in BG11 0 medium indicated 84 and 46 % of fluorescence in heterocysts as compared to vegetative cells at 24 and 48 h after nitrogen step-down, respectively. These results indicate that whereas SpeA is mainly localized in vegetative cells, as is the case for SpeB, SpeY is present at significant levels in the heterocysts.
Discussion
The results presented in this work define genetically the homospermidine biosynthetic pathway of the heterocyst-forming cyanobacterium Anabaena (Fig. 1) . This pathway produces homospermidine, which has been known as the major polyamine accumulated in this type of organism, although strain PCC 7120 had not been investigated before (Hamana et al., 1983 (Hamana et al., , 2016 . The most striking finding is the participation of a gene encoding a DHS-like protein that is involved in the last step of the pathway. A number of phylogenetically diverse bacterial genomes contain gene clusters encoding a similar pathway, i.e., a pathway combining a DHS-like protein and a putrescine biosynthetic pathway (Fig. 11) , indicating the importance of this way of producing homospermidine in bacteria.
Fig. 8. Expression of the hetR and nifHDK genes in Anabaena
(WT) and the speA mutant. RNA was isolated from cultures grown in bubbled BG11 medium and incubated in the absence of combined nitrogen for the indicated number of hours, electrophoresed and hybridized with the indicated probes. The rnpB probe was used as a loading and transfer control. Transcript sizes are shown on the right. The radioactivity signals obtained with the hetR and nifH probes were quantified and normalized using the rnpB signals. The relative expression level of hetR and nifHDK is indicated in the upper part of the corresponding panels for each time after nitrogen step-down with regard to time cero.
Although we have provided genetic and chemical proof for the involvement in homospermidine biosynthesis of the speY gene encoding a DHS-like protein, we were not able to prove the enzymatic function of the Anabaena SpeY when expressed heterologously in E. coli. In addition, we were unable to prove enzymatic function with isolated recombinant proteins encoded by two Anabaena variabilis speY paralogues or the Caulobacter crescentus speY homologue. The Anabaena SpeY protein must catalyze homospermidine biosynthesis differently to eukaryotic DHS, since we were able to show spermidine-dependent heterologous homospermidine biosynthesis from the plant bona fide DHS when expressed in E. coli. Indeed, the characterized plant homospermidine synthase is a paralogue of DHS that has evolved to lack DHS activity and instead retains only spermidine-dependent, homospermidine synthase activity (Ober and Hartmann, 1999b) . However, Anabaena does not produce spermidine, so the aminobutyl donor for homospermidine biosynthesis must be putrescine or possibly agmatine. Our analysis of the Anabaena recombinant agmatinase (SpeB) suggests that it is a standard agmatinase, with kinetic characteristics similar to the E. coli SpeB, indicating that the most likely aminobutyl donor is putrescine.
There is a precedent for DHS using putrescine rather than spermidine as the aminobutyl donor -the DHS of the extreme halophilic archaeon Haloferax volcanii (Prunetti et al., 2016) . The halophilic archaea do not accumulate spermidine or homospermidine (Hamana et al., 1985) but they do possess DHS homologues, and H. volcanii aIF5A is deoxyhypusinated (Prunetti et al., 2016) , with the speA and speB genes being essential for this modification. Similar to the Anabaena SpeY, the purified recombinant DHS of H. volcanii is unable to deoxyhypusinate aIF5A in vitro. These findings with the Anabaena SpeY and the H. volcanii DHS, which both use putrescine but not spermidine, indicate that an accessory factor is required for their enzymatic activity. It is likely that the bacterial speY homologues were acquired as archaeal DHS xenologues by horizontal gene transfer (Brochier et al., 2004) . As the archaea-derived DHS genes evolved into SpeY in bacteria, losing the DHS function, and retaining the homospermidine synthase function, the substrate specificity for the aminobutyl donor likely changed, and an accessory factor became necessary for the homospermidine biosynthetic function of SpeY.
Some bacteria need polyamines for growth (Michael, 2016a) , and in some other bacteria polyamines have been found to be specifically required for particular processes, such as the formation of biofilms (see, e.g., Patel et al., 2006 ). Here we found that all Anabaena mutants of the homospermidine biosynthetic pathway are impaired in diazotrophic growth, as is also the case for a deletion mutant of the ABC transporter PotADB. Consistent with a requirement for polyamines, supplementation with a low concentration of agmatine rescues the diazotrophic growth of the speA mutant. However, the diazotrophic growth of the speB mutant is not rescued by putrescine. We do not know whether putrescine is taken up effectively by Anabaena, since the polyamine transporter identified here by resistance of the potADB mutant to spermidine has been shown in other bacteria either to take up both spermidine and putrescine (Furuchi et al., 1991) or to have a strong preference for spermidine (Yao and Lu, 2014; Bontemps-Gallo et al., 2018) . In any case, lack of rescue by putrescine of the speB mutant may be related to accumulation of inhibitory agmatine in this mutant, as previously described . The defect in diazotrophic growth of the arginine decarboxylase (speA) mutant results from an inability to form heterocysts, so that the nif genes and nitrogenase activity are not expressed. Nonetheless, the process of heterocyst differentiation starts as shown by induction of the early regulatory gene hetR. The process is aborted before production of Hgl in the speA and speB mutants but not in the speY mutant, suggesting that putrescine could at least partially fulfill the role of homospermidine in the differentiation process. Indeed, whereas the speA mutant is completely unable to grow diazotrophically, the speY mutant shows a diazotrophic growth rate 33 % that of the wild type (Table 1) . We conclude that polyamines are needed for heterocyst differentiation, and that their role is best (but not uniquely) fulfilled by homospermidine, consistent with the wide distribution of this polyamine in heterocyst-forming cyanobacteria.
The molecular role of polyamines in bacterial biology is largely unknown, likely reflecting that their absence (e.g., by mutation) results in pleiotropic effects (Wortham et al., 2007; Michael, 2016a) . The homospermidine biosynthetic pathway mutants of Anabaena can grow with combined nitrogen (albeit the speA mutant at somewhat reduced rates), the requirement for polyamines being stringent only in the absence of combined nitrogen. Although the molecular basis for this requirement is unknown, we note that polyamines have been shown to bind and stabilize mRNA permitting efficient translation (Miller- Fleming   Fig. 11 . Examples of bacterial gene clusters containing a DHS-like (speY ) gene and a complete putrescine biosynthetic pathway. Same enzyme activities are colored identically. GenBank protein accession numbers and ORF sizes in encoded amino acids are present below each ORF. pylADC, pyruvoyl-dependent arginine decarboxylase; DHS-like, deoxyhypusine synthase-like; ancestral AR-fold ADC, ancestral alanine racemase-fold arginine decarboxylase; derived AR-fold ADC, alanine racemase-fold arginine decarboxylase containing internal and C-terminal insertions relative to other basic amino acid decarboxylases; AIH, agmatine iminohydrolase/deiminase; NCPAH, Ncarbamoylputrescine amidohydrolase; hypo, hypothetical protein; AR-fold ODC, alanine racemase-fold ornithine decarboxylase. et al., 2015) . Because the process of heterocyst differentiation involves the synchronized expression of a large number of genes (Lynn et al., 1986; Flaherty et al., 2011) , it is possible that homospermidine is especially needed to accomplish efficient gene expression during differentiation. On the other hand, polyamines have been shown to be covalently linked to peptidoglycan fulfilling a structural role in the cell wall of some bacterial species (Wortham et al., 2007) . In particular, cadaverine covalently linked to peptidoglycan has been shown to be required to anchor a major outer membrane protein in the Gram-negative bacterium Selenomonas ruminantium (Kojima et al., 2011) . In this context, it is of interest that the cells in the filaments of the speA mutant were abnormally large (Fig.  S6) , consistent with a cell wall defect. Given that heterocyst differentiation involves the deposition of a special cell wall external to the outer membrane, it would be possible that homospermidine plays a role in this specific feature of heterocyst structure. Alternatively, because arginine is not being diverted to homospermidine production, the homospermidine biosynthesis mutants may experience a major change to nitrogen flux that could result in the observed cyanophycin accumulation (see Fig. S6 ) and negatively affect differentiation. Finally, polyamines have been described to scavenge free radicals (Wortham et al., 2007) , which could be relevant for nitrogen fixation in Anabaena. Further research will be necessary to clarify the role of polyamines in heterocyst biology.
We have previously shown that in diazotrophic filaments of Anabaena, isoaspartyl dipeptidase -the enzyme that hydrolyses β-aspartyl-arginine releasing aspartate and arginine-and agmatinase are expressed at higher levels in vegetative cells than in heterocysts , indicating that arginine catabolism is more active in the former than in the latter. Consistently, we have now observed that an SpeA-CsfGFP fusion protein accumulates at substantially higher levels in vegetative cells than in heterocysts. Hence, our results identify the vegetative cells as the sites of initiation of arginine catabolism by the homospermidine biosynthetic pathway. However, SpeY-C-sfGFP accumulates at substantial levels in heterocysts as well as in vegetative cells. This observation suggests that the probable substrate of SpeY, putrescine (Fig. 1) , moves from vegetative cells to heterocysts, thus representing a possible moving metabolite in addition to those generally considered to be exchanged between the cells in the cyanobacterial filament (Herrero et al., 2016) . Biosynthesis of polyamines in vegetative cells is consistent with a need in heterocyst differentiation, which starts from a vegetative cell, and further biosynthesis of homospermidine in heterocysts indicates a role of this polyamine in the differentiated cell.
The results presented in this work have revealed the importance of polyamines, and in particular sym-homospermidine, in the biology of Anabaena, consistent with the specific accumulation of this polyamine in heterocyst-forming cyanobacteria (Hamana et al., 1983 (Hamana et al., , 2016 . Polyamine transporters are involved in maintaining polyamine homeostasis, however, it is clear in some cases that polyamines are transported for specific physiological functions, such as peptidoglycan modification. The need for a functional polyamine transporter in Anabaena implies that polyamine transport may be involved in polyamine homeostasis and, perhaps, in transfer of polyamines from vegetative to heterocyst cells.
Experimental procedures
Strains and growth conditions Anabaena sp. strain PCC 7120 was grown axenically in BG11 medium (containing NaNO 3 ), BG11 0 medium (free of combined nitrogen) or BG11 0 NH 4 + medium (BG11 0 containing 4 mM NH 4 Cl and 8 mM TES-NaOH buffer, pH 7.5). In every case, ferric citrate replaced the ferric ammonium citrate used in the original recipe (Rippka et al., 1979) . For plates, medium was solidified with 1% separately autoclaved Difco agar. Cultures were grown at ). For mutants described below, antibiotics were used at the following concentrations: erythromycin (Em), 2 µg mL -1 for liquid cultures and 5 µg mL -1 for solid media; streptomycin sulfate (Sm) and spectinomycin dihydrochloride pentahydrate (Sp), 5 µg mL -1 each for both liquid and solid media. DNA was isolated from Anabaena sp. by the method of Cai and Wolk (1990) . Escherichia coli DH5α was used for plasmid constructions, strains HB101 and ED8654 for conjugations with Anabaena sp., and strains BL21 and BL21speD for expression of heterologous genes in E. coli. They were grown in Luria-Bertani medium supplemented when appropriate with antibiotics at standard concentrations.
Plasmid constructions and genetic procedures
ORF alr3804 encodes a putative deoxyhyphusine synthase (DHS). To inactivate alr3804, a 758-bp fragment from the central part of alr3804 was amplified by PCR using primers alr3804-9/alr3804-10 (all oligodeoxynucleotide primers are shown in Table S2 ) and Anabaena DNA as template, and the resulting fragment was cloned into pSPARK (Canvax, Biotech SL) producing plasmid pCSMI70. The resulting plasmid was corroborated by sequencing, and the BamHI fragment from pCSMI70 was cloned into BamHI-digested pCSV3, resulting in plasmid pCSMI71. Conjugation of Anabaena with E. coli HB101 carrying the cargo plasmid (pCSMI71) with helper and methylation plasmid pRL623 was effected by the conjugative plasmid pRL443, carried in E. coli ED8654, and performed as described (Elhai et al., 1997) with selection for resistance to Sm/Sp. Insertion of pCSV3 into alr3804, and segregation of chromosomes were confirmed by PCR analysis using template DNA from exconjugant clones and primers alr3804-11/pRL500-1 for testing insertion of pCSV3 and alr3804-11/alr3804-4 for testing segregation of the mutated chromosomes. A clone that showed no wild type chromosomes was selected and named strain CSMI29 (clone #9 in Fig. S3 ).
ORFs all3401, that encodes arginine decarboxylase (SpeA), and genes all5044-all5043-all5042, that encode the putative ABC transporter for polyamines, were inactivated by insertion of the gene cassette C.S3. To inactivate all3401, two DNA fragments, one encompassing 492 bp from the upstream and 5' sequences of the gene and the other including 687 bp from the 3' and downstream sequences of the gene were amplified by standard PCR using DNA from Anabaena as template and primer pairs all3401-5/all3401-6 and all3401-7/all3401-8, respectively (Fig. S1) . To inactivate the all5044-all5043-all5042 gene cluster, two DNA fragments, one encompassing 737 bp from the upstream and 5' sequences of all5044 and the other including 711 bp from the 3' and downstream sequences of all5042 were amplified by standard PCR using DNA from Anabaena as template and primer pairs all5044-1/all5044-2 and all5042-1/all5042-2, respectively (Fig. S5) . For both inactivations, DNA fragments were digested with HindIII, ligated and joined together by the megaprimer PCR protocol, and cloned in pSPARK, producing plasmids pCSMI78 and pCSMI90, respectively. After sequencing the plasmids for corroboration, the gene cassette CS.3 encoding Sm r Sp r was introduced in the HindIII sites of pCSMI78 and pCSMI90, producing plasmids pCSMI79 and pCSMI91, respectively. The inserts of the resulting plasmids, excised with SacI, were transferred to SacI-digested pRL278, resulting in plasmids pCSMI80 and pCSMI92, respectively. Conjugation of Anabaena was performed as described above. Identification of exconjugants was performed with selection for resistance to Sm and Sp. Exconjugants were spread on BG11 0 NH 4 + medium supplemented with 5% sucrose (Cai and Wolk, 1990) , and individual Suc R colonies were checked by PCR looking for clones that had replaced the wild-type locus by a locus bearing the deletion and insertion of the C.S3. For all3401, the genetic structure of selected clones was studied by PCR with DNA from those clones and primers all3401-9/C.S3-4 for testing insertion of the C.S3, and all3401-9/all3401-11 for testing segregation of the mutated chromosomes, respectively. A clone homozygous for the mutant chromosomes was named strain CSMI35 (Δall3401::C.S3) (Fig. S1 ). For all5044-all5043-all5043, the genetic structure of selected clones was studied by PCR with DNA from those clones and primers all5044-3/C.S3-3 and all5044-3/all5042-2 for testing insertion of the C.S3, and all5044-3/all5043-2 and all5043-1/all5043-2 for testing segregation of the mutated chromosomes, respectively. A clone homozygous for the mutant chromosomes was named strain CSMI39 (Δall5044-all5042::C.S3) (Fig. S5) . The plasmids carrying fusion genes all3401-C-sf-gfp and alr3804-C-sf-gfp were prepared as follows (see also Fig. S2 and Fig. S4) . A 608-bp fragment from the 3'-terminal part of all3401 and a 577-bp fragment from the 3'-terminal part of alr3804 were amplified by PCR using primers all3401-1 and alr3804-12 (which contain a HindIII) and all3401-2 and alr3804-13 (which lack the stop codon of the corresponding gene and contain a BsaI site in the 5' end) and Anabaena DNA as template, and the resulting fragments were cloned as a HindIII/BsaI-ended fragment into HindIII/BsaI-digested pCSAL39 producing plasmids pCSMI74 and pCSMI88, that carry the fusion of the sf-gfp gene to the 3' end of all3401 and alr3804, respectively. (pCSAL39 is a pMBL-T-derived vector which contains the sf-gfp, a sequence encoding a 4-Gly linker and a BsaI site in its 5' end.) Plasmids pCSMI74 and pCSMI88 were corroborated by sequencing, and the resulting fusions were transferred as a KpnI-ended fragment to KpnI-digested pCSV3, which provides resistance to Sm and Sp (Valladares et al., 2011) , producing pCSMI75 and pCSMI89. These plasmids, which bear the all3401-sfgfp fusion gene and alr3804-sf-gfp fusion gene, respectively, were transferred to Anabaena by triparental mating as described above, with selection for Sm R and Sp R . Insertion into all3401 and alr3804, and segregation of chromosomes carrying the fusion were confirmed by PCR analysis using template DNA from exconjugant clones and primers all3401-10/gfp-6 and alr3804-11/gfp-6 for testing insertion of sf-gfp, and all3401-10/all3401-13 and alr3804-11/alr3804-4 for testing segregation of the mutated chromosomes, respectively. Homozygous clones bearing the all3401-C-sf-gfp and alr3804-C-sf-gfp constructs were named strains CSMI33 (Fig. S2) and CSMI38 (Fig. S4) , respectively.
Growth tests, nitrogenase activity and glycolipid analysis
Chlorophyll a (Chl) content of the cultures was determined by the method of Mackinney (1941) . The growth rate constant (µ = ln2/t d , where t d is the doubling time) was calculated from the increase of biomass, determined by OD 750nm , of shaken liquid cultures. Cultures were inoculated with an amount of cells containing about 0.2 µg of Chl ml -1 and grew logarithmically until reaching about 2 µg of Chl ml -1
. For growth tests in solid media, cultures grown in BG11 medium were harvested and washed three times with 50 ml of BG11 0 medium, and dilutions were prepared in BG11 0 medium. 10-µl samples of the resulting suspensions were spotted on agar plates with different nitrogen sources and incubated under culture conditions. When indicated, solid media were supplemented with filter-sterilized L-putrescine, agmatine sulphate, or spermidine (purchased from Sigma-Aldrich). Nitrogenase activity was determined by the acetylene reduction assay under oxic and anoxic conditions as described previously . Cells grown in 50 ml of BG11 0 NH 4 + medium were incubated 24 or 48 h without combined nitrogen (BG11 0 medium) under growth conditions and used in the acetylene reductions assays. For glycolipid analysis, filaments of wild-type Anabaena and homospermidine biosynthetic pathway-related and polyamine transporter mutants, were grown in BG11 medium (in the presence of Sm and Sp for the CSMI35, CSMI29 and CSMI39 mutants), harvested, washed with nitrogen-free medium and incubated in BG11 0 medium for 48 h. Cultures were then harvested by filtration and washed with fresh medium. Lipids were extracted with chloroform: methanol (2:1 v/v), concentrated under N 2 and chromatographed on thin layers of silica gel (Nichols and Wood, 1968) . Heterocyst glycolipids were identified as described (Winkenbach et al., 1972) .
Microscopy
Cells grown for 5 days in shaken liquid cultures were observed and photographed with a Zeiss Axioscop microscope equipped with a Zeiss ICc1 digital camera. GFP fluorescence was analysed by confocal microscopy. Samples from cultures of Anabaena strains CSMI33 or CSMI38, or of wild-type Anabaena as a negative control, grown in bubbled cultures in BG11 or BG11 0 medium, were visualized using a Leica HCX PLAN-APO 63X 1.4 NA oil immersion objective attached to a Leica TCS SP2 confocal laser-scanning microscope. GFP was excited using 488-nm irradiation from an argon ion laser. Fluorescence emission was monitored by collection across windows of 500-520 nm (GFP imaging) and 630-700 nm (cyanobacterial autofluorescence). Under the conditions used, optical section thickness was about 0.4 µm. GFP fluorescence intensity was analysed using ImageJ 1.43m software; background fluorescence detected in the wild type was subtracted.
Northern Blot analysis
Total RNA was extracted from 200-ml bubbled cultures by a procedure described previously (Luque et al., 2002) . For each sample, 10 µg RNA was resolved in a formaldehyde-containing 1% agarose gel, transferred onto Genescreen Plus nylon membranes (PerkinElmer), and hybridized to radioactive DNA probes of hetR and nifH generated with primers hetR-8 and hetR-9 and nifH7120-1 and nifH7120-4, respectively. These DNA fragments were labelled with [α-32 P]dCTP by using the Klenow fragment (Fermentas). Images of hybridized membranes were obtained and the signals were quantified with a Cyclone Storage Phosphor system (PerkinElmer). As a control of RNA loading and transfer efficiency, the filters were hybridized with a probe of the RNase P RNA gene (rnpB) from Anabaena generated with primers RPB-4 and RPB-5 (Vioque, 1997) .
Polyamine extraction and analysis
For chemical analysis, shaken liquid cultures (120-170 rpm) of Anabaena strains in BG11 medium (or BG11 0 + ammonium for CSMI11) were grown for 7-10 days followed by centrifugation, resuspension in phosphate-buffered saline (PBS), followed by three washes in PBS. Two hundred µl of of lysis buffer (100 mM MOPS pH 8.0, 50 mM NaCl, 20 mM MgCl 2 ) was used to resuspend the washed cells, followed by freezing in liquid N 2 , and thawing at 37°C, repeated three times. Sixty µl of 40 % trichloroacetic acid was added, followed by thorough mixing, and the tube was then left on ice for 5 min. Cell debris was then pelleted by centrifugation for 10 min at 4°C, and the supernatant was transferred to a new tube. One ml of 2 M NaOH and 10 µl of benzoyl chloride was added to 200 µl of the supernatant, followed by vortexing for 2 min, and the mixture was left for 1 h at 22°C. Two ml of saturated NaCl was then added, and the mixture vortexed for 2 min, 2 ml of diethyl ether was then added, followed by vortexing for 2 min, and the mixture was left at 22°C for 30 min. The upper layer containing the benzoylated polyamines was then transferred to a new glass tube, placed in a chemical hood and the diethyl ether was evaporated to dryness. These dried samples were used for LC-MS analysis as described previously (LowePower et al., 2018) . Alternatively, polyamine derivatization by Accufluor reagent and subsequent analysis by HPLC was performed as described previously (Hobley et al., 2017) .
Recombinant agmatinase purification and spectrophotometric assay of activity
The open reading frames of the Anabaena (alr2310) and E. coli speB (agmatinase) genes were synthesized by GenScript (with E. coli optimized codons for the Anabaena speB gene), cloned into pET28b-TEV and transformed into BL21(DE3). Cells were grown to mid-log phase at 37°C before addition of isopropyl-β-D-thiogalactopyranoside (IPTG) at 0.2 mM followed by induction overnight at 16°C, 225 rpm. After washing, cells were resuspended in 20 mM Tris-HCl buffer (pH 7.9), 500 mM NaCl, 5 mM imidazole, 1 mM PMSF with protease inhibitor cocktail I and II, then lysed in a cell disruptor at 10,000 p.s.i., and the lysate was centrifuged to remove unbroken cells and insoluble material. The soluble sample was applied to a 5 ml Hi-Trap chelating HP (GE Healthcare) column equilibrated with NiSO 4 and buffer A and the 6xHis-tagged proteins were eluted from the column with a gradient of 0-60% buffer B over 20 column volumes; buffer A contained 20 mM TrisHCl buffer (pH 7.9), 500 mM NaCl, 5 mM imidazole, and buffer B contained 20 mM Tris-HCl buffer (pH 7.9), 500 mM NaCl, 500 mM imidazole and 1 mM PMSF. Proteins were dialyzed against 5 mM Tris-HCl (pH 7.5) and 5 mM EDTA at 4°C for 3 h, then dialyzed against 5 mM TrisHCl (pH 7.5) with 2 mM MnCl 2 at 4°C overnight. Protein purity was assessed using SDS-PAGE and protein concentration was determined by Biotek Synergy Multi-Mode Microplate reader under O.D. 280 nm wavelength read with a molecular weight and protein extinction coefficients program. Protein yield from induced cultures harboring the expression constructs was determined for the Anabaena agmatinase to be 60 mg l -1 . Agmatinase activity was assayed by colorimetric detection of the co-product urea using a Urea Assay kit from Sigma-Aldrich. Ten µM agmatinase was added to a buffer containing 20 mM Tris-HCl (pH 7.5), 100 mM MnCl 2 , 200 mM NaCl, 1 mM DTT and 0-15 mM agmatine in a total volume of 200 µl. After incubation at 37°C for 1 h, 3-5 µl of each reaction were mixed with 42 µl urea assay buffer, 2 µl peroxidase substrate, 2 µl converting enzyme and then urea assay buffer was added again to make the final volume 100 µl, the covered reaction was then incubated at 37°C for 1 h. Each assay was performed at least three times. Urea production was detected by measuring absorbance at 570 nm. The concentration of urea was calculated with a urea standard curve.
Expression of homospermidine synthase, DHS, and SpeY in E. coli
The open reading frames of the Agrobacterium tumefaciens C58 homospermidine synthase (NP_356854), Anabaena SpeY (WP_010997945) and Arabidopsis thaliana deoxyhypusine synthase (NP_196211) were synthesized (GenScript) with E. coli-optimized codons and cloned without tags into pETDuet-1 (Novagen). The plasmids, including the empty pETDuet-1, were then transformed into E. coli BL21 and BL21speD (ΔS-adenosylmethionine decarboxylase) cells. Cells were grown in polyamine-free M9 liquid medium with appropriate antibiotics in 2 ml overnight at 37°C, and subcultured twice into 2 ml of M9 medium to ensure any polyamines from growth in rich medium were depleted in the BL21speD strains. These cells were then subcultured into 10 ml of M9 medium at 37°C to 0.5 at O.D. 600 nm , at which point 0.5 mM of IPTG was added, and the cells where then induced overnight at 16°C. Cells were then pelleted, washed three times in PBS, and polyamines were extracted and benzoylated as described above. The benzoylated polyamines were then analyzed by LC-MS as described previously (Lowe-Power et al., 2018) .
